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Abstract: OBJECTIVE To test the hypothesis that patterns of semicircular canal (SCC) and otolith
impairment in unilateral vestibular-loss depend on the underlying disorders, we analyzed peripheral-
vestibular function of all five vestibular sensors. METHODS Retrospective case-series. Screening of the
hospital video-head-impulse test database (n=4983) for patients with unilaterally impaired SCC-function
who also received ocular vestibular-evoked myogenic-potentials and cervical vestibular-evoked myogenic-
potentials (n=302). Frequency of impairment of vestibular end-organs (horizontal/anterior/posterior
SCC, utriculus/sacculus) was analyzed with hierarchical cluster-analysis and correlated with the under-
lying etiology. RESULTS Acute vestibular-neuropathy (AVN) (37.4%, 113/302), vestibular schwannoma
(18.2%, 55/302) and acute cochleo-vestibular neuropathy (6.6%, 20/302) were most frequent. Horizon-
tal SCC-impairment (87.4%, 264/302) was more frequent (p<0.001) than posterior (47.4%, 143/302)
and anterior (37.8 %, 114/302) SCC-impairment. Utricular damage (58%, 175/302) was noted more
often (p=0.003) than saccular impairment (32%, 98/302). On average 2.6 (95%-CI=2.48-2.78) vestibu-
lar sensors were deficient, with higher numbers (p฀0.017) for acute cochleo-vestibular neuropathy and
vestibular schwannoma than for AVN, Menière’s disease and episodic-vestibular-syndrome. In hierar-
chical cluster-analysis, early mergers (posterior SCC/sacculus; anterior SCC/utriculus) pointed to closer
pathophysiological association of these sensors, whereas the late merger of the horizontal canal indicated
a more distinct state. CONCLUSIONS While the extent and pattern of vestibular impairment critically
depended on the underlying disorder, more limited damage in AVN and Menière’s disease was noted,
emphasizing the individual range of loss-of-function and the value of vestibular-mapping. Likely, both
the anatomical properties of the different vestibular end-organs and their vulnerability to external factors
contribute to the relative sparing of the vertical canals and the sacculus.
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Objective: To test the hypothesis that patterns of semicircular canal (SCC) and otolith 
impairment in unilateral vestibular-loss depend on the underlying disorders, we analyzed 
peripheral-vestibular function of all five vestibular sensors.  
Methods: Retrospective case-series. Screening of the hospital video-head-impulse test 
database (n=4983) for patients with unilaterally impaired SCC-function who also received 
ocular vestibular-evoked myogenic-potentials and cervical vestibular-evoked myogenic-
potentials (n=302). Frequency of impairment of vestibular end-organs 
(horizontal/anterior/posterior SCC, utriculus/sacculus) was analyzed with hierarchical cluster-
analysis and correlated with the underlying etiology. 
Results: Acute vestibular-neuropathy (AVN) (37.4%, 113/302), vestibular schwannoma 
(18.2%, 55/302) and acute cochleo-vestibular neuropathy (6.6%, 20/302) were most frequent. 
Horizontal SCC-impairment (87.4%, 264/302) was more frequent (p<0.001) than posterior 
(47.4%, 143/302) and anterior (37.8 %, 114/302) SCC-impairment. Utricular damage (58%, 
175/302) was noted more often (p=0.003) than saccular impairment (32%, 98/302). On 
average 2.6 (95%-CI=2.48-2.78) vestibular sensors were deficient, with higher numbers 
(p≤0.017) for acute cochleo-vestibular neuropathy and vestibular schwannoma than for AVN, 
Menière’s disease and episodic-vestibular-syndrome. In hierarchical cluster-analysis, early 
mergers (posterior SCC/sacculus; anterior SCC/utriculus) pointed to closer 
pathophysiological association of these sensors, whereas the late merger of the horizontal 
canal indicated a more distinct state.  
Conclusions: While the extent and pattern of vestibular impairment critically depended on the 
underlying disorder, more limited damage in AVN and Menière’s disease was noted, 
emphasizing the individual range of loss-of-function and the value of vestibular-mapping. 
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vulnerability to external factors contribute to the relative sparing of the vertical canals and the 




About 3-6% of all emergency consultations are attributed to dizziness/vertigo,
1, 2
 
resulting in >5 million visits in the US per year,
3
 with an underlying oto-vestibular pathology 
in about one third.
1
 Thus, in the diagnostic workup, assessing peripheral-vestibular function is 
essential. While at the bedside the integrity of the horizontal vestibulo-ocular reflex (VOR) 
can be assessed reliably using the head-impulse test,
4
 deficits of the vertical semicircular 
canals (SCC) or the otolith organs are often difficult to identify. New techniques as the video-
head-impulse test
5
 and vestibular-evoked myogenic-potentials (VEMPs
6
) offer detailed 
mapping of all five vestibular sensors. With respect to the underlying cause of unilateral-
vestibular loss (UVL), different patterns can be predicted, which may prove useful in the 
differential diagnosis. For example, for acute-vestibular neuropathy (AVN), isolated or 
combined involvement of the superior and inferior branch of the vestibular nerve is possible.
7
 
Whether this prediction based on the vestibular-nerve’s anatomy is indeed reflected in clinical 
practice, however, has not been verified in a large cohort. Likewise, anterior-canal sparing 
reported in patients with unilateral vestibular schwannoma (VS) awaits confirmation.
8, 9
   
Here we aimed to correlate the pattern of vestibular impairment with the clinical 
(symptom-based) diagnosis by use of quantitative vestibular-testing. We hypothesize that 
typical pathophysiology-based patterns of peripheral-vestibular loss are found in part of the 
affected patients only, with patchier vestibular loss in the remaining patients. Therefore, the 
state of certain vestibular sensors may have a stronger predictive value for certain disorders as 
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MATERIAL AND METHODS 
We retrospectively screened the vHIT-database of the University Hospital Zurich 
(search-period=10/2012-02/2018) for patients with unilateral peripheral-vestibular deficits in 
1 SCC that had received testing of all six SCCs and both otolith organs. Selection criteria 
in this single-center study were confirmed unilateral peripheral-vestibular deficits in 1 SCC 
(vHIT) and completed ocular/cervical VEMPs at the same time. Patients with bilateral-
peripheral-vestibular deficits or bilaterally-normal findings and patients with incomplete 
testing were excluded. No inclusion/exclusion was made based on the underlying diagnosis or 
symptom duration. 
 
Standard Protocol Approvals, Registrations, and Patient Consents  
The study protocol was approved by the Cantonal Ethics Committee Zurich 
(protocol=2018-00224). As requested by national laws, all subjects included January 1
st
 2016 
or later provided written general-consent for the use of health-related data for research 
purposes. 
 
vHIT recording procedure 
We required 20 valid head-impulses for each SCC.
10
 For video-oculography, 
commercially available vHIT-goggles (Otometrics, Natus Medical Denmark ApS, Taastrup, 
Denmark) were used. Horizontal and vertical position of the right eye was measured 
(frequency=250Hz) and angular head-velocity was determined by three orthogonal mini-
gyroscopes.  
 
Vestibular-evoked myogenic-potentials recording procedure 
We reviewed otolith function as assessed by cervical VEMPs (cVEMPs, saccular 
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TDH-39P; Telephonics Corp., Farmingdale, NY) were used to apply air-conducted sound 
stimuli (500Hz, 6ms tone-bursts at 90–100dB normal-hearing level, 200 bursts11) monaurally 
to the right and left ear for cVEMPs.
12
 In case of inconclusive/negative air-conducted 
cVEMPs, we obtained bone-conducted cVEMPs. Vibrations (unshaped 500Hz bursts, inter-
aural accelerations  0.1g, duration=4ms, 200 stimuli) were applied using a Minishaker 
(Model 4810, Brüel & Kjaer, P/L, Naerum, Denmark) placed near Fz.
13
 To improve 
reproducibility of measurements and to reduce noise from asymmetric muscle tension, 
response-amplitudes were normalized.
14, 15
 Therefore, values for air- and bone-conducted 
cVEMPS are unitless. Only responses obtained at the highest stimulus-intensity applied were 
considered. 
Bone-conducted oVEMPs (unshaped 500Hz bursts, inter-aural accelerations  0.1g, 
duration=4ms, 200 stimuli) were applied by the same Minishaker.
13
 Stimuli were recorded 
with surface electrodes placed beneath the eyes during up-gaze.
12
 oVEMP-responses are 




Patient-identification and data analysis 
 Eye- and head-velocity traces were retrieved and peak head velocities were 
calculated to identify possible canal-dependent differences in vHIT-measurement 
performance. We re-analyzed angular VOR (aVOR) gains using Otosuite 4.0 (Otometrics). 
vHIT-gain was calculated as the ratio between the area over the curve of de-saccaded eye-
velocity over head-velocity from the beginning of the head-impulse until eye-velocity crossed 
0°/s again, corresponding to a de-saccaded position-gain.
18
 Saccades were defined as ‘overt’, 
if their onset occurred after head-velocity crossed zero after the head-impulse. Cumulative 
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adding the amplitudes of all overt saccades and dividing them by the respective number of 
trials in which they occurred.
19-21
 
Peripheral-vestibular hypofunction was defined as a reduction in aVOR-gain and/or 
the occurrence of compensatory saccades. For gains, we adhered to the cut-off values of 0.8 
(horizontal canals) and 0.7 (vertical canals) proposed by the manufacturer. Previously cut-off 
values suggested that cumulative saccade-amplitudes above 0.7-0.8°/trial indicate loss-of-
function of the SCC tested.
19, 22
 We adhered to the cut-off value (0.73°/trial) proposed by our 
group,
19
 as the same statistical approach was used. Thus, presence of catch-up saccades 
qualified for abnormality even if the aVOR-gain was normal. 
The underlying cause of UVL, symptom-duration and treatment site (emergency-
department, hospital, outpatient general/specialty clinic) were retrieved from the patients’ 
files. Besides vestibular-related diagnoses as MD, AVN with/without accompanying cochlear 
symptoms, cerebello-pontine angle (CPA) masses (including VS) and superior semicircular-
canal dehiscence syndrome (SSCDS), files were screened for status-post CNS-infections, 
benign paroxysmal positional vertigo (BPPV) and traumatic brain-injury (TBI). Patients who 
received purely descriptive diagnoses as episodic vestibular syndrome (EVS), gait-imbalance 
or polyneuropathy (PNP) were assigned to separate groups.  
We followed the AAO-HNS 1995 guidelines for diagnosing MD.
23
 Diagnosis of 
cholesteatoma was based on ENT-assessment and appropriate CT-imaging. MR-imaging was 
required to confirm CPA-masses, vestibular paroxysmia or central causes. For CPA-masses, a 
distinction was made between VS, other causes (e.g. epidermoid cysts, hemangioma, 
meningioma) and neurofibromatosis II. For SSCDS, superior-canal dehiscence on temporal-
bone CT-imaging and clinical symptoms consistent with the syndrome (i.e. sound-/pressure-
induced vertigo) and physiological evidence for a third mobile-window were required.
24
 The 
diagnosis of AVN was based on clinical grounds (i.e., a single episode of acute-onset, 
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testing in the acute stage.
25
 For acute cochleo-vestibular neuropathy (ACVN), in addition a 
new-onset hearing-loss ipsilesionally was required. 
Two experienced neuro-otologists (KPW, AAT) independently reviewed all vHIT-
traces according to the criteria of peripheral-vestibular function outlined above, considering 
the overall pattern of the vHIT-traces including artefacts such as goggle-slippage and 
resulting false-high aVOR-gains also. Inter-rater agreement for individual canal function 
(normal vs. pathological) was 0.95 (Cohen’s kappa).
26
 Discordant ratings were resolved by 
discussion.  
For assessing utricular and saccular integrity, we focused on VEMP-amplitude 
asymmetry-ratio (=AR, left vs. right side),
27
 as this is considered the most robust parameter. 
AR-values of >30% were considered abnormal. This was based on normative values from our 
laboratory and on the range of cut-off values previously proposed.
16
 
Results from cases with a left-sided vestibular impairment were mirrored, so that the 
right side was always the affected side. MATLAB and SPSS 26 (IBM, Armonk, NY) were 
used for statistical analyses. Fisher’s exact test with Bonferroni-correction for multiple tests 
was applied to determine significant differences in the frequency of individual conditions. We 
applied a generalized linear model (GLM, SPSS 26) to analyze aVOR-gains, cumulative 
saccade-amplitudes and effects of the underlying disorders on the extent of peripheral-
vestibular impairment. Fisher's least-significant-difference (LSD) method was used to correct 
for multiple comparisons. The level of significance for all statistical tests was p=0.05. 
Principal-component-analysis (PCA) was used for comparisons between two 
dependent variables.
28
 The coefficient-of-determination (R²) was used to assess the goodness-
of-fit. A correlation between two variables was considered significant whenever the 95%-
confidence-interval (95%-CI) of the slope did not include zero. 
For visualization of coherent patterns of vestibular-impairment we implemented 
cluster heat-maps.
29
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We applied hierarchical clustering (MATLAB, clustergram.m) to obtain heat-maps with 
dendrograms of the entire data set.
30
 The heat-map was clustered by Euclidean distance. We 
selected this clustering algorithm because in Euclidean space each object is equally weighted 
and since it is amongst the most frequently used algorithms in hierarchical clustering. The 
data was standardized along the data columns, i.e. for the individual results from single 
subjects. This standardized value was then depicted in a range of colors between 1.5 (dark 
blue) to -1.5 (dark red). For individual patients only one intensity of blue and red (being more 
or less dark/light) were used as only two functional states (1=intact, 0=deficient) were 
possible. Cluster dendrograms in our data set indicate those patients (x-axis) and vestibular 
sensors (y-axis) that are least different, as these groups cluster together first. More distinct 
clusters group later. No minimal cluster size was predefined when performing the hierarchical 
cluster analysis, however, for subsequently identifying the most common patterns, minimal 
cluster size was set to 25.  
 
Data Availability 
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RESULTS 
From 4983 patients stored in the vHIT-database, 326 patients with reported UVL and 
complete vestibular mapping were identified and their vHIT-recordings were reviewed (see 
Figure 1). Twenty-four patients were excluded due to bilateral peripheral-vestibular deficits 
(n=12) or bilaterally-normal peripheral-vestibular function (n=12). Three-hundred-two 
patients were included, mostly seen in specialized outpatient clinics (Table 1). The most 
frequent disorders were AVN (113/302, 37.1%), VS (55/302, 18.5%) and EVS (46/302, 
16.7%). Delay from symptom-onset (being vertigo/dizziness or gait imbalance in all but 2 
patients with VS that reported ipsilesional hearing-loss only) was very variable, ranging from 
<1 day to >50 years (5.0 [4.0-7.0] ±4.9 months, median (95% CI) ±median absolute deviation 
(MAD), Table 1). Overall shortest time from symptom-onset was noted for AVN and ACVN. 
Single-subject data is shown in Figure 2 for a patient with left-sided superior-branch AVN.  
 
/* Table 1 about here */ 
/* Figures 1 & 2 about here */ 
 
Distribution of affected SCCs and otolith organs 
 Fractions of SCCs rated as impaired were significantly (p<0.001, Fisher’s exact test) 
larger for the horizontal (264/302, 87.4%) than the posterior (143/302, 47.4%) and anterior 
(114/302, 37.8%) SCC, whereas no difference between the anterior and posterior SCCs was 
noted (Figure 3A). Statistical analysis revealed a main effect for the SCC on aVOR-gains 
(df=5, chi-square=161.377, p<0.001). Pairwise comparisons (affected side) demonstrated 
higher gains for the anterior SCC compared to the horizontal (p<0.001) and posterior 
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compared to the horizontal canal (p=0.055) (Figure 3B). Likewise, there was a main effect for 
the SCC on cumulative saccade-amplitudes (df=5, chi-square=298.415, p<0.001). Pairwise 
comparisons demonstrated higher saccade amplitudes for the horizontal SCC compared to the 
anterior (p<0.001) and posterior (p<0.001) SCC and higher saccade-amplitudes for the 
posterior SCC compared to the anterior SCC (p=0.015) on the affected side (Figure 3C). The 
fraction of ipsilesional SCCs rated as overall abnormal but showing normal aVOR-gains was 
12.5% (33/264), 13.2% (15/114) and 24.5% (35/143) for the horizontal, anterior and posterior 
SCC. 
Individual mean peak-head velocities were higher for the lateral (left=159.6 (155.9-
163.3, 95% CI)±32.7°/sec, right=151.0 (147.3-154.8)±33.1°/sec) than the anterior (left=126.5 
(123.2-129.7)±28.7°/sec, right=132.7 (129.5-135.9)±28.0°/sec) and posterior (left=129.7 
(126.9-132.4)±24.3°/sec, right=122.7 (119.6-125.8)±27.7°/sec) canals. Statistical analysis of 
peak head-velocity values showed a main effect for the SCC (df=5, chi-square=192.1, 
p<0.001). Pairwise comparisons demonstrated larger peak head-velocity values for the right-
anterior SCC than for the right-posterior SCC (p=0.001), whereas values were not different 
(p=0.121) for the left-anterior and left-posterior SCC. 
Further analysis on the frequency of affected SCCs in subgroups with 5 samples 
showed clearly different patterns. Whereas for all 10 subgroups the horizontal canal was 
affected most frequently, the anterior canal was relatively spared when compared to the 
average number of affected horizontal/posterior canals or to the horizontal SCC only in more 
than 50% of cases in six subgroups (Table 2A). 
Focusing on otolith function, 32% (98/302) of all patients showed ipsilesional 
impairment of utricular function only, whereas 7% (21/302) presented with isolated 
ipsilesional saccular loss-of-function (Table 2B). Ipsilesional impairment of both utricular and 
saccular function was noted in 77/302 (26%). In comparison, the rate of utricular impairment 
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impairment. Ipsilesional utricular and saccular responses were absent in 106/302 (35%) and in 
55/302 (18%) patients, respectively. 
 
/* Figure 3 about here */ 
 
Disease-specific patterns in vestibular impairment 
Isolated loss-of-function of one horizontal SCC was most frequent (53/302, 18%), 
followed by combined impairment of the horizontal and anterior SCC and the utriculus 
(37/302, 12%) and impairment of all five vestibular sensors (35/302, 12%) (Table 2C, Figure 
3D). 
 
AVN and ACVN 
In AVN-patients, most frequently the horizontal and anterior SCC and the utriculus 
were impaired (34/113, 30%), followed by isolated horizontal-canal loss-of-function (17/113, 
15%) and horizontal-canal plus utricular loss-of-function (13/113, 12%) (Figure 4A). Overall, 
patterns that match involvement of some (38/113, 34%) or all structures (34/113, 30%) 
innervated by the superior-branch of the vestibular nerve were identified in 64%. A pattern 
consistent with damage restricted to (parts of) the inferior-branch of the vestibular nerve - was 
found in 4/113 (4%) patients, with all 4 presenting with isolated loss-of-function of the 
posterior SCC (Figure 4A). In the remaining 37 cases, sensors innervated from both the 
inferior and superior branch were damaged, with loss-of-function of all five sensors in 7/113 
(6%). Compared to utricular impairment, saccular loss-of-function was less frequently 
observed (66% (75/113) vs. 21% (24/113), p<0.001, Table 2B). In patients with ACVN, 
involvement of all five sensors (6/20, 30%) or of the horizontal and posterior SCC and the 
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/* Figure 4 about here */ 
 
 
VS and other CPA-tumors 
 In VS-patients most frequently all five sensors were impaired (14/55, 26%), followed 
by loss-of-function of all sensors but the anterior canal (10/55, 18%) (Figure 4C). A single 
SCC (horizontal or posterior) was damaged in 6/55 (11%). Utricular impairment was noted in 
73% (40/55), while saccular loss-of-function was identified in 56% (31/55). In patients with 
other CPA-tumors, four out of five sensors were affected in 4/9 (44%) cases, with either the 
sacculus or the anterior canal spared (Figure 4D).  
 For all 55 VS-patients the maximal tumor diameter was retrieved, averaging at 
19.0mm [16.4-21.6, 95% CI] ±9.4mm (±1SD; range=4-50mm; missing data=2). We 
hypothesized that the tumor-size correlates with the extent of vestibular loss-of-function. We 
restricted the analysis to those 42 VS-patients that were untreated. PCA demonstrated a 
significant correlation between the tumor-diameter and the number of vestibular sensors 
impaired (R
2
=0.59, slope=0.15, 95%-CI=0.12-0.18). 
 For VS and other CPA-tumors results from pure-tone audiogram testing were 
retrieved. Based on CPT-AMA guidelines, hearing-loss was defined as a CPT-value >20%.
31
 
Seventy-seven percent of the VS-patients (41/53, missing data=2) and 55% of the other CPA-
tumors patients (5/9) demonstrated ipsilesional hearing-loss (p=0.219). 
 
Structural inner-ear damage 
 In patients with MD (n=16, recorded in-between attacks), involvement of a single 
SCC was most frequent (Figure 4E). Only 2/16 cases showed involvement of the anterior 
canal. Otolith impairment was noted in 9 out of 16 cases (Table 2B). For TBI, deficits were 
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or a single SCC (Figure 4F). Patients with a history of inner-ear infection showed varying 
extent of vestibular-damage. Whereas extensive damage was noted in three, the others 
showed damage restricted to one or two sensors (Figure 4G).   
 
EVS and gait-imbalance 
 In EVS-patients most frequently a single SCC (horizontal or posterior) was impaired, 
followed by involvement of the horizontal SCC and the utriculus (Figure 4H). Otolith deficits 
were uncommon (Table 2B). Patients who reported gait-imbalance showed impairment of a 
single SCC in the majority of cases (Figure 4I). 
 
Extent of vestibular end-organ damage 
The average number (±1SD) of damaged sensors was 2.6 [2.5-2.8, 95%-
CI]±1.3. We noted a main effect of the underlying diagnosis (df=9, chi-square=88.254, 
p<0.001). Pairwise comparisons demonstrated higher (p≤0.017) numbers of affected 
sensors for patients with ACVN, VS and other CPA-masses than for those with AVN, 
TBI, MD, EVS, central causes and gait-imbalance. Compared to patients with UVL 
related to EVD, gait-imbalance or central causes, patients with AVN showed 
involvement of significantly more sensors (p≤0.017) (Figure 3E).  
 
Hierarchical cluster analysis 
The dendrogram illustrating the clustering of the vestibular sensors (Figure 5) 
indicated that mergers occurred first for the posterior canal and the sacculus and for the 
anterior canal and the utriculus, respectively. At the next higher level of merger, these two 
pairs were combined, whereas the horizontal canal was added last. The top dendrogram 
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The distinguishing feature in node A (n=34, most frequent: AVN (n=8), VS (n=6), 
EVS (n=6)) was the state of the horizontal and the posterior canal (being impaired in all), 
whereas in node B (n=35, most frequent: EVS (n=11), VS (n=8), AVN (n=6)) it was the 
impairment of the posterior canal only and relative sparing of the other sensors that was 
critical. In contrast, for node C (n=43) the state of the anterior canal was the distinguishing 
feature, being intact in all (most frequent: VS (n=14), AVN (n=10), other CPA-masses (n=6)). 
For node D (n=30, most frequent: AVN (n=13), EVS (n=6), VS (n=5)) the distinguishing 
feature was the state of the horizontal canal and the utriculus, being impaired in all, while the 
other sensors were spared. In node E (n=37, AVN (34/37)) impairment of both the anterior 
and the horizontal canal and the utriculus was mandatory. This pattern is consistent with the 
innervation/vascular supply by the superior-branch of the vestibular nerve/artery. In node F 
(n=35) with no distinguishing features on the heat map all patients with impairment of all five 
sensors were included, with VS (n=14), AVN (n=7) and ACVN (n=6) representing the most 
frequent diagnoses. In contrast, patients assigned to node G (n=53) presented with isolated 
impairment of the horizontal canal and received a diagnosis of EVS (n=17) or AVN (n=16) 
most often. 
 













Comprehensive vestibular-mapping in a large cohort of patients with unilateral 
vestibular-deficits comprised the entire spectrum from single SCC-deficits to complete UVL. 
Patterns of vestibular deficits were distinct for different underlying disorders, involving the 
highest number of vestibular sensors for ACVN, VS and other CPA-masses, whereas numbers 
were significantly smaller in AVN and MD. While the underlying pathomechanisms and the 
vestibular anatomy were important parameters, we often noted incomplete patterns, 




Disease-specific SCC-patterns in UVL 
AVN and ACVN 
For AVN, patterns that matched involvement of some or all structures innervated by 
the superior vestibular-nerve (SVN) were identified in 64% of all cases, which was higher 
than previously reported (range=40-42%).
32, 33
 Thus, we noted lower rates of combined SVN 
and inferior-branch vestibular neuropathy (IVN) than others (33% vs. 55-56%).
32, 33
 The 
higher rate of combined AVN in previous studies could be related to a selection bias, 
overweighting more severely affected patients.
32
 The presence of hearing-loss, as required for 
ACVN, was associated with significantly more extensive vestibular damage as compared to 
the AVN-group. None of our AVN-patients presented with the ‘classical’ IVN-pattern of 
combined posterior canal and saccular loss only;
34
 those four patients (reflecting 4% of all 
AVN-cases) with SCC loss-of-function restricted to the posterior canal had normal saccular 
function ipsilaterally. In the literature, 2-5% of all AVN-patients showed a partial or complete 
IVN-pattern,
32, 33, 35
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In our AVN-subgroup all but six patients showed impairment of the horizontal SCC, 
whereas anterior canal-function was relatively spared (107 vs. 63, p<0.001), emphasizing that 
the pattern linked to SVN is often incomplete. Our findings, however, are in contrast with 
several AVN-studies, showing no significant sparing of anterior-canal function.
32, 36
 In the 
study by Büki the fraction with isolated horizontal-canal impairment was clearly lower than in 
our study (4/44 vs. 29/112). This might be related to the definition of canal-impairment. 
Whereas these authors required a gain-reduction, we considered the presence of catch-up 
saccades (but still normal gain) as impairment as well. Likewise, another study reporting on 
40 AVN-patients showed no anterior-canal sparing.
33
 These differences are potentially related 
to distinct video-oculography systems used (Ulmer vs. Otometrics) and the aVOR-analysis 
performed (with or without taking cumulative saccade-amplitudes into consideration). In 
another study, rates in horizontal and anterior canal-impairment were not significantly 
different.
37 
In this study the inclusion criteria were based on caloric-irrigation and cVEMPs, 
thus cannot directly be compared with our approach.  
 
VS and other CPA-tumors 
In patients with VS or other CPA-tumors, who often demonstrated extensive 
vestibular damage, the number of impaired vestibular end-organs correlated with the tumor 
size, confirming previous reports.
8
 In the VS-subgroup, we noted significant anterior-canal 
sparing, with less than half as many anterior canals being affected compared to either 




Structural inner-ear damage 
In those patients with structural inner-ear damage, the range of vestibular end-organ 
damage depended on the underlying cause. While for MD more limited loss-of-function was 
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reported anterior-canal sparing in patients with bilateral-vestibular-loss linked to 
aminoglycoside-exposure and MD, while this was not observed in vestibular-loss related to 
inner-ear infections.
19
 We predicted a similar pattern in UVL. This was confirmed in our 
unilateral MD-subgroup, with anterior-canal function being preserved in 13/15 patients 
(87%). Relative sparing of anterior-canal function has been described in relation to posterior-
canal dysfunction: In a study with 90 patients with definitive unilateral MD, reduced vHIT-
gains of the posterior canal were most frequent (44%), whereas rates were significantly 
(p<0.001) lower for the horizontal (13%) and anterior (10%) canal.
38
 In another study with 36 
patients with definitive unilateral MD, there was a trend to a higher fraction of posterior SCC-
impairment than anterior or horizontal SCC-impairment.
39
 Thus, while the literature confirms 
higher rates of posterior-canal impairment compared to the anterior canal, the fraction of 
horizontal-canal impairment seems more variable. We noted no sparing of horizontal-canal 
function relative to posterior-canal function, which may be due to differences in patient 
selection. In our retrospective case-series patients were included based on abnormal vHIT-
results and not symptom presentation. Posterior SCC-impairment may result in more subtle 
symptoms, thus in these patients vHIT may not have been performed. 
 
EVS and gait-imbalance 
Patients with EVS or gait-imbalance most often showed impairment of a single SCC 
(usually the horizontal or posterior SCC). In these patients the association between clinical 
complaints and vestibular end-organ deficits identified is less stringent and may be 
coincidental or reflecting only one amongst several contributing factors. Conceptually, these 
patients may have previously suffered vestibular loss-of-function due to various causes 
(including AVN, TBI) that have not been identified and now present with residual vestibular-
impairment. Furthermore, other disorders related to EVS such as vestibular migraine may 











Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited 
 
Otolith function 
Two thirds of all UVL-patients had otolith deficits, with utricular loss-of-function 
(58%) being significantly more frequent than saccular hypofunction (32%). Relative sparing 
of saccular function could be related to the pathomechanisms of the disorders, e.g. with 
preferential utricular impairment in superior-branch AVN, which is much more frequent than 
inferior-branch AVN.
43, 44
 Taylor reported higher rates of abnormal oVEMPs compared to 
cVEMPs for AVN (32% vs. 16%), matching our observations regarding relative rates (67% 
vs. 21%), albeit with smaller fractions of otolith impairment overall. 
In the MD-subgroup, impairment-rates of the utriculus and sacculus were not 
significantly different. This is in contrast to previous reports of significantly higher rates of 
cVEMP-abnormalities.
45, 46
 cVEMP-abnormalities were reported in 37-54% of cases,
46-48
 
being higher than the 25% reported here. Various conditions may provide potential 
explanations for these discrepancies. This includes relatively small sample sizes, patient 
selection, distinct stimulation protocols and variations in the selected parameters considered 
relevant for rating VEMP-integrity.  
In our VS-patients, rates of utricular loss-of-function were slightly larger than for 
saccular hypofunction (73% vs. 56%). These fractions are close to the ranges reported in the 




Mechanisms of vertical canal-sparing in UVL  
Compared to the vertical SCCs, impairment of the horizontal SCC was significantly 
more frequent throughout the entire cohort and for several UVL-subgroups (VS, AVN, 
ACVN, MD, EVD). We can only speculate about the underlying cause of vertical-canal 
sparing in UVL. Both the anatomical organization of the vestibular nerve, the physiological 
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(including trauma, infection, toxic substances) may explain the relative sparing of the vertical 
SCCs. Specifically, the nerve fibers originating from the anterior SCC could be located more 
centrally within the vestibular nerve, thus being less prone to pressure due to a tumor or nerve 
swelling. Alternatively, recovery from damage may vary amongst the hair cells of the 
different SCCs or its nerve fibers. 
 
Pattern-identification in UVL using hierarchical cluster analysis 
The more similar state of the two pairs (posterior SCC–sacculus; anterior SCC–
utriculus) underlines the importance of the anatomical relationship of the vestibular end-
organs (superior-branch vs. inferior-branch of the vestibular nerve and its vascular supply) for 
UVL. Combined damage of the horizontal and anterior SCC and the utriculus was almost 
always linked to AVN, matching current anatomical and pathophysiological concepts of 
AVN. Similarly, those subgroups predicted to have most extensive damage (ACVN, VS) 
were over-represented in the node indicating damage to all five sensors. On the other end of 
the spectrum, vestibular end-organ damage was restricted to the horizontal SCC in 18%. 
Accordingly, cases with more vague clinical presentation (EVD) were over-represented in this 
node, but also AVN cases were assigned to it.  
Overall, hierarchical cluster analysis facilitates pattern-recognition in UVL and 
emphasizes the broad range of vestibular end-organ damage across our study population and 
the subgroups. Thus, our data underlines the need for detailed vestibular-mapping of all five 
vestibular end-organs to identify the extent of damage appropriately. 
 
Limitations 
While the large sample size is a strength of our study, it has also several limitations. 
This includes the retrospective study design, the binary reduction of the functional state of the 
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single test (vHIT), requiring impairment of at least one SCC. Thus, we cannot make any 
conclusions on the prevalence of these diseases in the general population or on a potential 
selection bias as we do not have any numbers on the rejection rate for vestibular testing. The 
patients included did not receive a standardized clinical neuro-otologic examination and there 
were no prospectively defined diagnostic criteria for specific disorders. For MD, guidelines 
according to the AAO-HNS from 1995 were used as we included patients studied as early as 
2012. Furthermore, a relatively large group of patients received a purely descriptive diagnosis 
as EVD or gait-imbalance.  
We decided not to include a control group, but relied on normative values instead. 
While cut-off values for vHIT are well-defined and criteria for rating the functional state of 
single SCCs are established, parameters for oVEMPs and cVEMPS are more controversial. In 
vestibular laboratories, cut-off values and stimulation-parameters for VEMPs differ, making 
comparison with previous publications more complicated. This may explain different rates of 
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CONCLUSION 
The range of vestibular end-organ damage in patients with vHIT-confirmed UVL is 
broad and disease-dependent. Hierarchical cluster analysis was successfully implemented and 
facilitated pattern-recognition substantially. Specifically, more extensive vestibular end-organ 
damage was associated with ACVN and VS, whereas those patients with EVS or gait-
imbalance presented with much more limited vestibular impairment. A combination of 
horizontal and anterior SCC impairment and utricular loss-of-function was highly predictive 
for AVN, confirming the pathophysiological link to the superior vestibular nerve and vascular 
supply. The underlying cause for the observed vertical-canal sparing remains open, with 
differences in the vulnerability of the sensors involved and their recovery representing 













Table 1: epidemiologic aspects 
 
Table 1: epidemiologic aspects of UVL   
 n (%)  
Gender   
Females 137 (45.4%)  
Males 165 (54.6%)  
Affected side   
Right 127 (42.1%)  
Left 175 (57.9%)  
Age (mean [95% CI] ± 1SD) [y]   
Females 55.3 [52.5-58.1] ±16.4  
Males 56.5 [54.3-58.8] ±14.7  
Frequency of affected sensors   
Horizontal SCC 264 (87.4%)  
Anterior SCC 114 (37.8%)  
Posterior SCC 143 (47.4%)  
Utriculus 175 (58.0%)  
Sacculus 98 (32.5%)  
   
Clinical setting at the time of vestibular testing  
Symptom duration (onset to vestibular 
testing) [median [95% CI] ±MAD, range] 
Emergency department 3 (1.0%) 1 [<1-1] ±0 days (<1 day to 1 day) 
Hospital 41 (13.6%) 3 [2-6] ±2 days (1 day to 12 years) 
Outpatient general clinic 0 (0.0%) NaN 
Outpatient specialty clinic 258 (85.4%) 7.0 [5-12] ±6.7 months (1 day to >50 years) 
Diagnosis   
Acute vestibular neuropathy (AVN) 113 (37.4%) 15 [7-45] ±14 days (<1 day to 13 years)  
Unilateral vestibular schwannoma (VS)* 55 (18.2%) 20.0 [12-36] ±16.0 months (15 days to 25 years) 
Episodic vestibular syndrome (EVD) 46 (15.2%) 14.5 [8-27] ±12.5 months (15 days to 20 years) 
Acute cochleo-vestibular neuropathy (ACVN) 20 (6.6%) 2.0 [0.25-19] ±2.0 months (< 1 day to 28 years) 
Menière’s disease (MD)† 16 (5.3%) 
17.5[3-36] ±14.5 months (1.5 months to 10 
years) 
Other causes‡ 16 (5.3%) 11.0 [2-42] ±9.0 months (15 days to 25 years) 
Cerebello-pontine angle (CPA) mass other than 
vestibular schwannoma§ 
9 (3.0%) 9.0 [3-180] ±2.0 months (3 months to 15 years) 
Traumatic brain injury 8 (2.6%) 7.5 [0.67-60] ±6.2 months (20 days to 5 years) 
Gait imbalance 7 (2.3%) 
35.0 [12-120] ±23.0 months (12 months to 10 
years) 
Inner-ear infection 6 (2.0%) 5.0 [0-14] ±4.3 months (1 day to 14 months) 
Central causes|| 6 (2.0%) 9.0 [1->600] ±6.5 months (1 day to >50 years) 
all 302 (100.0%) 5.0 [4-7] ±4.9 months (<1 day to >50 years) 
 
* A subset of patients had previously received surgical resection (n=4), radiation therapy (n=6), both radiation 
therapy and resection (n=1), or gentamicin treatment before resection (n=2) of the VS. 
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‡ Other causes included cholesteatoma (n=3), bilateral schwannoma (n=1), neurofibromatosis Typ II (n=1), 
benign paroxysmal positional vertigo (BPPV) (n=4), unclear (n=2), vestibular-nerve dissection (n=1), peripheral 
polyneuropathy (PNP) (n=2), vestibular paroxysmia (n=1) and superior semicircular canal dehiscence syndrome 
(SSCDS) (n=1). 
 
§ This included cerebello-pontine angle masses or intrameatal masses except confirmed vestibular schwannoma. 
Specifically, we assigned epidermoid cysts (n=1), unclear intrameatal masses (n=2), CPA-angle meningioma 
(n=4) and schwannoma of other nerves (glossopharyngeal nerve (n=1), facial nerve (n=1)) to this group. 
  
|| Central causes included status post cerebellar hemorrhage (n=1), neurodegenerative cerebellar ataxia (n=1), 
status post dorsolateral medullary stroke on the right side (n=1), acute bilateral cerebellar stroke (n=1), Chiari 
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Table 2: Anterior canal sparing, utricular/saccular loss-of-function and most frequent combinations 
Table 2: Anterior canal sparing, utricular/saccular loss-of-function and most frequent combinations 
             
Part A: anterior canal sparing Part B: Utricular & saccular function Part C: most frequent combinations 
             

































2nd most frequent 
pattern 




107 63 27 0.94 56 (49.6) 5 (4.4) 19 (16.8) 33 (29.2) 66% vs. 21%: 
p<0.001 
All 5 sensors (25%, 
14/55) 
Hor & post SCC, 
utriculus & sacculus 
(18%, 10/55) 
Hor SCC & 
utriculus (9%, 5/55) 
Inner-ear infection 
(n=6) 
5 3 4 0.67 12 (21.8) 3 (5.5) 28 (50.1) 12 (21.8) 73% vs. 56%: 
p=0.110 
Hor & ant SCC & 
utriculus (30%, 
34/113) 
Horizontal SCC only 
(15%, 17/113) 
Hor SCC & 
utriculus (12%, 
13/113) 
Traumatic brain injury 
(n=8) 
6 3 3 0.67 10 (21.7) 4 (8.7) 4 (8.7) 28 (60.9) 30% vs. 17%: 
p=0.221 
All 5 sensors (30%, 
6/20) 
Hor & post SCC & 





19 11 17 0.61 5 (25.0) 2 (10.0) 9 (45.0) 4 (20.0) 70% vs. 55%: 
p=0.514  





47 20 43 0.44 5 (31.3) 2 (12.5) 2 (12.5) 7 (43.8) 44% vs. 25%: 
p=0.458 
All SCCs & utriculus 
(22%, 2/9) 
Hor & post SCC, 
utriculus & sacculus 
(22%, 2/9) 
Post & ant SCC 
(22%, 2/9) 
Cerebello-pontine angle 
mass other than 
schwannoma (n=9) 
9 3 7 0.38 3 (33.3) 2 (22.2) 4 (44.4) 0 (0.0) 56% vs. 67%: 
p=1.000 
Hor SCC only (25%, 
4/16) 
Post SCC only (19%, 
3/16) 





36 6 20 0.21 2 (25.0) 0 (0.0) 2 (25.0) 4 (50.0) 50% vs. 25%: 
p=0.082 
Hor SCC only (33%, 
15/46) 
Hor SCC & utriculus 
(13%, 6/46) 




12 2 8 0.20 1 (14.3) 0 (0.0) 0 (0.0) 6 (85.7) 14% vs. 0%: 
p=1.000 
Hor SCC only (57%, 
4/7) 
Post SCC only (29%, 
2/7) 
Hor SCC & 
utriculus (14%, 1/7) 
Gait imbalance (n=7) 5 0 2 0.00 1 (16.7) 0 (0.0) 3 (50.0) 2 (33.3) 67% vs. 50%: 
p=1.000 
All 5 sensors (25%, 
2/8) 
Horizontal SCC and 
utriculus (25%, 2/8) 
Hor SCC only (25%, 
2/8) 
Central causes (n=6) 4 0 2 0.00 0 (0.0) 1 (16.7) 1 (16.7) 4 (66.7) 17% vs. 33%: 
p=0.454 
Hor SCC only (50%, 
3/6) 
NaN* NaN* 







98 (32.5) 21 (7.0) 77 (25.5) 106 (35.1) 
58% vs. 32%: 
p<0.001 
Hor SCC only (18%, 
53/302) 
Hor & ant SCC & 
utriculus (12%, 
37/302) 
All 5 sensors (12%, 
35/302) 
 
* Too few numbers to determine. 
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Figure 2 
Vestibular mapping in a single patient with acute left-sided vestibular neuropathy. 
Otolith testing indicated left-sided utricular impairment (oVEMPs, panel A) based on three 
repetitions (only two are shown here) with an average asymmetry ratio of 51%. Air-conducted 
cVEMPs (panel B) obtained at an intensity of 95db HL (hearing loss) were bilaterally intact 
with an asymmetry ratio of 2%. In panel C, eye velocity traces (in green) and head velocity 
traces (in blue for head turns to the left and in red for head turns to the right) are plotted 
against time for each SCC. Note that eye velocity traces were inverted for better visualization 
and comparison with the head velocity traces. Catch-up saccades (in the left horizontal and 
the left anterior canal) are indicated by the black arrows. With the ipsilesional horizontal and 
anterior SCC and the utriculus being impaired and the ipsilesional posterior SCC and the 
sacculus being preserved, this subject was assigned to cluster E in the cluster analysis (see 
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Figure 3 
Quantitative assessment of peripheral-vestibular function and spectrum of impairment-
patterns. In Panel A, the percentage of patients with normal function (dark grey shaded 
areas) and with hypofunction (light grey shaded areas) for the different SCCs are illustrated in 
a hexplot. Mean gains including the upper 95%-CI (end of error bar indicated by a dashed 
line) and 1SD (end of error bar indicated by a solid line) (panel B) and cumulative saccadic 
amplitudes (mean including upper 95%-CI and 1 SD) (panel C) of all patients (n=302) are 
shown separately, with values from the affected (right) side and the unaffected (left) side 
indicated by black bars. Gain values (from 0 to 1) and cumulative saccadic amplitudes (°/trial, 
from 0 to 3) are provided along the different hexagons. Cut-off values for reduced gains and 
for abnormally increased cumulative saccade-amplitudes are indicated by dashed lines. In 
Panel D, a polar histogram plot illustrates the numbers of the different combinations of 
semicircular canal and otolith impairment for all 302 UVL-patients. Which SCCs are 
deficient is indicated in the outer circle; in the inner circle the status of the otolith organs is 
provided for each combination of SCC impairment. With either utricular and saccular 
impairment (U&S), isolated utricular (U) or saccular (S) impairment or functionally intact 
otolith organs (). In Panel E, the mean number (including 1 SD (end of error bar indicated 
by a solid line) and the upper 95%-CI (end of error bar indicated by a dashed line)) of affected 
sensors on the side with abnormal SCC function for all subgroups with n  5, based on 
reviewers’ ratings for SCC function and on response amplitude asymmetry for oVEMPs and 
cVEMPs are shown. Abbreviations: ACVN=acute cochleo-vestibular neuropathy; 
AVN=acute vestibular neuropathy, CPA=cerebello-pontine angle; EVS=episodic vestibular 
syndrome; MD=Menière’s disease; VS=vestibular schwannoma. Only statistically significant 
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illustrative purposes, providing the largest p-value and by indicating that the other p-values in 
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Figure 4 
Polar histogram plots illustrating the distribution of impairment patterns in the 
subgroups. Here the absolute numbers of the different combinations of semicircular canal 
and otolith impairment are illustrated in separate polar histogram plot for all subgroups with n
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Hierarchical cluster analysis based on the functional integrity of the vestibular sensors. 
A heat map indicates the functional state (from intact (=blue) to deficient (=red)) for each 
vestibular end organ (n=5) and patient (n=302) on the affected side. The heat map was 
clustered by Euclidean distance (see methods section for details). Diagnosis in each patient is 
provided along the x-axis. Cluster dendrograms indicate those patients (x-axis) and vestibular 
end organs (y-axis) that are the least different, as these groups cluster together first. Cluster 
analysis identified seven clusters with at least 25 patients (nodes A-G), which are all marked 
with black bars. Abbreviations: ACVN=acute cochleo-vestibular neuropathy, AVN=acute 
vestibular neuropathy, bilat.=bilateral, BPPV=benign paroxysmal positional vertigo, 
CPA=cerebello-pontine angle, EVS=episodic vestibular syndrome, IE=inner ear, 
MD=Menière’s disease, NF2=neurofibromatosis type 2, PNP=polyneuropathy, 
SSCDS=superior semicircular canal dehiscence syndrome, unilat.=unilateral, VP=vestibular 
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